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Summary
Objective: Although the current recommendation is to measure radiographic joint space width (JSW) to assess structural change in
osteoarthritis (OA), there is increasing interest in direct measurement of cartilage volume from magnetic resonance imaging (MRI). We
performed a longitudinal study to compare change in both JSW and articular cartilage volume in subjects with symptomatic knee OA.
Methods: JSW was measured in 28 subjects with knee OA (57% females, mean age 62.8G 9.8 years) who had standing radiographs in full
extension, where both radiographs had satisfactory alignment. Each subject had femoral, tibial and combined femoral and tibial cartilage
volumes determined from T1-weighted fat saturated sagittal knee MRI. All subjects had a repeat of the knee radiograph and MRI 1.96G 0.4
years later.
Results: At baseline there was a moderate, but statistically signiﬁcant, correlation between JSW and femoral and tibial cartilage volumes in the
medial tibiofemoral joint, which was strengthened by adjusting for medial tibial bone size (RZ 0.58e0.66, PZ 0.001). Although we observed
a reduction in JSW and femoral and tibial cartilage volumes over the study period, there was no signiﬁcant association between reduction in
JSW and cartilage volume (R! 0.13). There was a trend towards a signiﬁcant association between change in medial tibiofemoral cartilage
volume and joint replacement at 4 years (ORZ 9.0, PZ 0.07) but not change in medial tibiofemoral JSW (ORZ 1.1, PZ 0.92).
Conclusions: Although there was a modest correlation between cartilage volume and JSW in the medial tibiofemoral compartment, there was
no correlation between longitudinal change in these measures. Change in cartilage volume appears to be a better predictor of joint
replacement. Further work in larger samples over a longer period of time will be needed to conﬁrm these ﬁndings.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Change in medial tibiofemoral joint space width (JSW) has
been recommended as the primary measure of biological
effect in osteoarthritis (OA) by expert consensus1. A major
debate is currently underway in an effort to identify the most
sensitive method for detecting joint space narrowing in
serial examinations of the knee2. Much of the focus is on
methods to improve the short-term reproducibility of the
method with techniques such as a ﬂuoroscopy assisted
protocol for standardizing the radioanatomical position of
the knee during serial examinations3e5. Such protocols
have been heralded as an advance that will enable the
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Received 23 November 2004; revision accepted 12 April 2005.72conduct of clinical trails of disease-modifying osteoarthritic
drugs with fewer patients and shorter duration than is
feasible using conventional radiographic methods. However,
these methods increase the cost and have involved more
complicated protocols. Despite these advances, it has
recently been shown that a radiographic protocol which
exhibits high reproducibility over the short term does not
necessarily relate to high quality long-term performance6
and that even when knee radiographs are well-positioned,
no change in JSW may be detected7. In addition, even fully
extended anteroposterior (AP) radiographs, which are not
the recommended method, may be sensitive to change if the
medial tibial plateau are adequately aligned8.
Although much of the current focus is on improving the
sensitivity of JSW to measure OA progression by techni-
ques that optimize radioanatomical positioning, no current
data are available to validate this method and to make an
assessment of which of these methods are detecting the
most biologically relevant changes. For example, in a recent
comparative study of two different radiological methods, the
metatarsophalangeal (MTP) and semi-ﬂexed AP views, the
investigators found a tendency in the longitudinal MTP data
towards a ‘biologically improbable increase in JSW’6.2
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is correct or not since JSW is an indirect, surrogate marker
of joint cartilage. Recent magnetic resonance imaging
(MRI) data have fueled the debate on the relevance of
radiographic JSW as a single measure of biological severity
in knee OA since knee OA is pan-articular and mild to
moderate joint space loss may result from changes in other
structures not just articular cartilage9. In that study, mild to
moderate joint space loss was seen to result from meniscal
extrusion rather than joint cartilage erosion9.
There has been increasing interest in the use of MRI in
the measurement of knee cartilage volume as a possible
outcome measure in arthritis10e12. Cartilage volume,
measured by MRI, has been shown to be valid and
reproducible and to correlate with radiographic features of
the knee OA, particularly joint space narrowing13, which is
a commonly employed surrogate measure of articular
cartilage. It is a more sensitive measure since by the time
the ﬁrst changes of radiological OA are detected, on an
average 13% of knee cartilage has already been lost14. In
a longitudinal study we have shown that subjects with knee
OA lose 5% of their tibial cartilage per year15 and that loss
of tibial cartilage correlated with worsening of symptoms16
and predicts knee replacement17. The emerging evidence
suggests that there is a continuum from a normal knee to an
osteoarthritic knee. This is further supported by a recent
study that showed that quantitative analysis of OA by MRI is
feasible using T and Z scores18. In addition, joint cartilage is
directly visualized and other joint structures can be
examined.
In this study, we compared JSW, as measured from well-
aligned standing knee radiographs, to knee cartilage
volume as measured by MRI at baseline and then in
a longitudinal study of subjects with symptomatic knee OA
followed over 2 years and then examined the relationship to
a clinically signiﬁcant outcome, subsequent knee replace-
ment at 4 years.
Patients and methods
Patients were recruited by using a combined strategy
including advertising through local newspapers and The
Victorian branch of the Arthritis Foundation of Australia as
well as collaboration with General Practitioners, Specialist
Rheumatologists and Orthopedic Surgeons. One hundred
and twenty-three subjects aged 40 years or more who
fulﬁlled ARA clinical and radiographic criteria for OA knee1
and had radiographic evidence of OA, with osteophytes
present within the knee were examined. Subjects were
excluded if any other form of arthritis was present, if there
were contra-indication to MRI, or if a total knee replacement
was planned. We have previously described this group of
subjects15.
Each subject had a weight-bearing radiograph taken in
full extension at baseline and approximately 2 years later,
using the protocol that has been recommended1. Only
radiographs which exhibited satisfactory alignment of the
medial tibiofemoral joint (TFJ) in both images, as recently
described by Mazzuca et al.8, were included. Alignment
was considered satisfactory if the anterior and posterior
margins of the medial tibial plateau were superimposed
within 1 mm. Measurement of the minimal JSW in each
knee was obtained by one investigator according to
a modiﬁed version of the method of Lequesne19. Radio-
graphs were scored blinded to chronological order. A digital
copy of the radiographs was examined under 4-fold
magniﬁcation and the minimal JSW was measured usingthe measurement tool in the image processing package,
OSIRIS. The coefﬁcients of variation (CV) of this measure
was 4.8%.
Each subject had an MRI performed on their symptomatic
knee at baseline and approximately 2 years later, within 1
month of the knee radiographs. Where both knees had OA
and were symptomatic, the knee with least severe
radiographic OA was used. The patients’ knees were
imaged in the sagittal plane on a 1.5-T whole body
magnetic resonance unit (Sigma Advantage GE Medical
Systems Milwaukee, WIS) with use of a commercial receive
extremity coil as previously described12,20. The method to
transform the images to the coronal plane has previously
been described21. MRI were scored blinded to chronolog-
ical order.
As the femoral cartilage is a continuous structure and
forms part of three joints (the patellofemoral and medial and
lateral TFJs), the coronal view was used to measure both
the femoral and tibial cartilage as it is felt by some to
provide best visualization of the femoral cartilage compo-
nent of the medial and lateral TFJ21. Similar tibial cartilage
volumes are obtained from the original sagittal sequence
and the reformatted coronal data21.
Articular cartilage volumes were determined by means of
three-dimensional (3D) image processing on an indepen-
dent work station using the OSIRIS Software package
(University of Geneva). The medial and lateral tibial
cartilage plates cover the respective tibial plateau and are
easily identiﬁed as separate structures from other structures
in the knee in an analogous way as has been described for
tibial cartilage plates in the sagittal scans15,21. The volumes
of the medial and lateral tibial cartilage plates were isolated
by manually drawing disarticulation contours around the
cartilage boundaries on a section by section basis in an
analogous method to that described for sagittal images15.
The medial femoral cartilage plate does not have a clear
anatomical boundary. For these we developed a series of
rules. The posterior boundary was deﬁned as the ﬁrst
section in which articular cartilage was clearly identiﬁed as
a discrete structure. The anterior boundary was the ﬁrst
image in which tibial cartilage also appeared. The outer
boundary was deﬁned as the outer boundary of the
respective cartilage plate. The inner boundary of the medial
tibial cartilage was deﬁned as the anatomical edge of the
respective cartilage plate which can be clearly identiﬁed.
The inner boundary of the medial femoral cartilage is not
a clear anatomical structure and so a rule was used. This
was deﬁned as the peak of the angle subtended by the
medial aspect of the medial femoral condyle. The intra-
observer reproducibilities for repeat measures of cartilage
volume from single acquisitions as measured by CV were:
medial tibial cartilage volume 2.3% and medial femoral
cartilage volume 2.6%. The area of the medial tibial plateau
was directly measured by manually drawing contours on the
reformatted axial data15. The CV as a measure of intra-
observer reproducibility measures for medial tibial plateau
was 2.7%.
Symptoms related to knee OA were assessed using the
knee-speciﬁc WOMAC (Western Ontario and McMaster
University Osteoarthritis) index, which assesses pain (5
items), stiffness (2 items) and function (17 items) using
visual analog scores, where higher scores indicate worse
status22. At year 4, all subjects were contacted and asked
whether they had undergone a knee replacement of the
same knee in which they had baseline and year 2 MRI. This
was conﬁrmed by contacting the treating physician in all
cases.
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examine the relationship between JSW and tibial, femoral
and tibiofemoral cartilage volume at baseline and with
longitudinal change in these measurements. Change in
cartilage volume over the study period was divided by time
between MRI scans to obtain annual rate of change.
Cartilage volume adjusted for bone area was calculated by
volume of respective cartilage plate divided by the medial
tibial bone area. Multiple linear regression techniques were
used to examine the relationship between baseline knee
cartilage volume and joint width and change in knee
cartilage volume and change in joint width, adjusting for
confounders. Logistic regression was used to calculate the
odds of undergoing a total knee replacement for change in
tibiofemoral cartilage volume and change in joint space
narrowing, after adjusting for confounders. All analyses
were performed using the SPSS statistical package
(version 10.0.5, SPSS, Cary, NC).
Results
Of 123 eligible subjects with complete MRI and radio-
graphs, 28 fulﬁlled the criteria of both radiographs having
satisfactory alignment. Fifty-seven percent of subjects were
females, with the mean age of the population 62.1 (SD
10.1) years. They were followed for an average 1.9G 0.2
years. Their average BMI (body mass index) was 28.6G
5.1 kg/m2. There was no signiﬁcant difference between
the population that was eligible to take part in this study and
the whole population in the above characteristics. Ten
percent had KellgreneLawrence (KL) grade 1 radiological
OA, 45% grade 2 and 45% grade 3. This is similar to the
population that was excluded. The annual rate of joint
space change was 0.24G 0.29 mm (P! 0.001) in the
medial tibiofemoral compartment (Table I).
At baseline, there was a signiﬁcant, positive association
between the minimum JSW as measured from radiographs
and joint cartilage volume in the medial TFJ (Table II). The
correlation ranged fromRZ 0.33 toRZ 0.40 (P from 0.03 to
0.06). The relationship between JSW was stronger with the
average medial cartilage thickness (medial cartilage volume
divided by the medial tibial bone area). In the medial
tibiofemoral compartment, for every 1 mm increase in JSW,
there was a 56.6 ml (95%CI 22.3e91.0 ml) increase in medial
tibial cartilage and a 101.1 ml (95% CI 48.8e153.4 ml)
increase in medial femoral cartilage, after adjusting for
age, gender and medial bone tibial area (Table III).
There was a trend towards baseline pain score being
a signiﬁcant confounder in the association between medial
JSW and femoral cartilage (PZ 0.09) but not with tibial
cartilage volume and JSW (PZ 0.66). However, pain onlyexplained 6% of the variance between medial tibiofemoral
JSW and femoral cartilage volume. When pain was added
to the regression model, for every 1 mm increase in medial
tibiofemoral JSW, there was a 108.8 ml (95% CI
57.7e160.0 ml) increase in medial tibial cartilage, which
was very similar to the ﬁnding without pain [101.1 ml (95%
CI 48.8e153.4 ml)].
There was a 0.24G 0.29 mm per annum reduction in
JSW in the medial compartment (Table I). The correspond-
ing reductions in the medial tibial and femoral and combined
tibial and femoral cartilages are presented in Table I. There
was no signiﬁcant correlation between change in JSW and
change in cartilage volume in the medial tibiofemoral
compartment and either the tibial or femoral or combined
(tibial and femoral) joint cartilage (Table III). Although the
adjustment of cartilage volume for bone size resulted in
a stronger correlation between JSW and the cartilage
measure at baseline, there was still poor correlation
between change in JSW and cartilage volume when it
was adjusted for bone size. There was no signiﬁcant
difference when results were adjusted for the baseline level
of pain, which was a confounder in the relationship between
change in JSW and cartilage volume in the medial but not
the lateral compartment. Five subjects of the 28 (17.9%)
had undergone a knee replacement by 4 years. At baseline,
three of these subjects had KL grade 2 and two had KL
grade 3 OA. The medial cartilage volume in these subjects
was 1.48G 0.29 ml and joint space narrowing was
7.61G 3.8 mm, which was not signiﬁcantly different to the
other study subjects. However, there was a trend for rate of
medial tibial cartilage loss to be higher than the other study
subjects (6.6G 7.6% per annum, PZ 0.09), but not change
in joint space narrowing (2.8G 4.1% per annum, PZ 0.32).
There was a trend for loss of medial tibiofemoral cartilage
volume over the study period to predict joint replacement at
4 years (ORZ 9.0, PZ 0.07) after adjusting for age,
gender and baseline pain level, but not for change in joint
space narrowing (ORZ 1.1, PZ 0.92).
Discussion
At baseline, we found a modest, but statistically
signiﬁcant correlation between radiographic minimum
JSW and tibial and femoral cartilage volume in the medial
tibiofemoral compartment of the knee in subjects with
symptomatic OA of the knee. When these subjects were
followed longitudinally, we observed a reduction in both
minimum JSW and femoral and tibial cartilage volume in the
medial tibiofemoral compartment over the study period.
However, no correlation was observed between longitudinal
change in minimum JSW and cartilage volume in any of theTable I
Measures of joint space narrowing and volume of cartilage plates (meanG SD) at baseline and follow-up
Measurement at
baseline
Measurement at
follow-up*
Average change
per annum
Average %
change per
annum
Medial joint space narrowing (mm) 7.81G 4.1 7.30G 4.5 0.24G 0.29** 3.0G 7.1**
Medial tibial cartilage volume (ml) 1.53G 0.34 1.40G 0.32 0.07G 0.11** 4.6G 8.6**
Femoral cartilage volume (ml) 1.52G 0.52 1.22G 0.53 0.13G 0.16** 8.6G 12.6**
Combined medial tibial and femoral cartilage volume (ml) 2.95G 0.71 2.62G 0.72 0.21G 0.24** 7.1G 11.6**
**P! 0.001.
*Mean follow-up was 1.9G 0.2 years.
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Correlation between radiographic JSW (mm) and cartilage volume in the medial tibiofemoral compartment
Correlation between
JSW and cartilage
volume
Correlation between
JSW and cartilage
volume adjusted for
bone area*
Correlation between
change in JSW and
change in cartilage
volume
Correlation between
change in JSW and
change in cartilage
volume adjusted for
bone area*
Tibial cartilage 0.33 (PZ 0.06) 0.58 (PZ 0.001) 0.08 (PZ 0.68) 0.02 (PZ 0.94)
Femoral cartilage 0.40 (PZ 0.03) 0.64 (P! 0.001) 0.02 (PZ 0.90) 0.02 (PZ 0.90)
Combined tibial and femoral cartilage 0.35 (PZ 0.06) 0.64 (P! 0.001) 0.11 (PZ 0.58) 0.08 (PZ 0.69)
*Medial tibial bone area.cartilage plates. There was a trend for change in medial
tibial cartilage volume, but not medial JSW, to be
associated with joint replacement over 4 years.
Consistent with these results, we previously showed that
grade of joint space narrowing in the medial tibiofemoral
compartment was inversely associated with both tibial and
femoral cartilage volume13. As in our study, one recent
study has shown a poor correlation between change in
cartilage volume and change in JSW23. We have further
extended these ﬁndings by examining the relationship
between radiological change and change in cartilage
volume and the subsequent risk of a knee replacement.
We found a signiﬁcant relationship with loss of cartilage but
not change in JSW.
A potential criticism of our work is that we used standing
AP radiographs, rather than the semi-ﬂexed radiographs
that are being increasingly recommended as the optimum
method for measuring JSW3e5. To optimize our method, as
recently recommended, we only included subjects whose
radiographs were well-positioned at both baseline and
follow-up8. However, AP radiographs of the knee in
extension showing a good alignment of the medial tibial
plateau were sensitive to change. The rate of change in
JSW in the medial compartment we observed in this
population is similar to that which has been reported in
the study which examined the sub-group of knees with
satisfactory alignment8. In that study the rate of change in
knees where there was satisfactory alignment was
0.26 mm/year, compared to 0.24 mm/year in our study.
Although magniﬁcation of the radiographs has not been
taken into account in our study, the magnitude of change in
our study is similar to that previously reported, although the
size of JSW is somewhat higher than previously reported8.
Another potential limitation with our study is the relatively
small sample size. Thus, in this study we cannot exclude
the presence of a weak correlation between change in JSW
and cartilage volume at the knee and it would be desirable
to repeat this study with a larger sample.Measurement of cartilage volume is limited by the
contrast between articular cartilage and the adjacent
tissues. Our method has been validated against cadavers
and has excellent reproducibility, with CV of 2e3%12,20. To
improve in-plane resolution, we use a matrix of 512! 192
pixels, resulting in an in-plane resolution of
0.31! 0.83 mm. Measuring the femoral cartilage has
particular limitations as there are no distinct anterior or
posterior boundaries. In this study we have deﬁned arbitrary
rules, which the investigator who scored the MRI adhered
to. This resulted in high reproducibility of the results so that
all subjects were measured in the same way within this
study. Some variation is likely to occur from scan to scan.
This is most likely to be random and thus likely to reduce the
strength of associations.
It has also been suggested that change in JSW as
measured on semi-ﬂexed radiographs is less subject to the
potential effect of change in symptoms than the extended
view radiographs that we used8. It has been shown that as
knee symptoms improve, it is possible to extend the knee
more fully and this results in an apparent increase in JSW
on the extended AP radiographs8. In this study we found
that knee pain was a confounder in the association between
medial compartment minimum JSW and medial femoral
cartilage volume, but not tibial cartilage. Although the
relationship between medial compartment minimum JSW
and medial femoral cartilage volume was statistically
signiﬁcant, our results suggest that pain contributed only
6% of the variance. Adjustment for baseline pain levels in
the analyses was not associated with any signiﬁcant
strengthening of the relationship between change in JSW
and change in cartilage volume.
Given that the methods we used in this study were
sensitive enough to detect change in JSW and cartilage
volume, our data suggest that the poor correlation between
these two measures highlights the inherent problems of
using a unidimensional measure such as minimum JSW to
indirectly measure change in two 3D structures (femoralTable III
Relationship between radiographic JSW (mm) and cartilage volume at baseline in the medial tibiofemoral compartment
Univariate analysis,
regression coefﬁcient
Multivariate analysisy,
regression coefﬁcientz
95% CI
Tibial cartilage 29.0 56.6 22.3e91.0*
Femoral cartilage 51.0 101.1 48.8e153.4*
Combined tibial and femoral cartilage 80.0 157.8 75.8e239.8**
*P% 0.01; **P! 0.001.
yAdjusted for age, gender and medial bone size.
zChange in cartilage volume per mm increase in JSW.
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potential limitation of radiographic assessment of JSW as
a marker of cartilage loss is further supported by the
previous ﬁndings that mild to moderate joint space loss can
result from changes in non-articular cartilage structures
such as meniscal extrusion9. It may be that at best the
correlation is weak and that much larger number of subjects
would be required to show a statistically signiﬁcant
correlation.
Radiological JSW is the current ‘gold standard’ and has
been recommended as the best available method for
assessing anatomical progression of disease in studies of
arthritis1. The role of cartilage volume measurement in OA
is currently being determined. In our study we showed that
there is moderate correlation between JSW and the femoral
and tibial cartilage volume in both the medial and lateral
tibiofemoral compartment of the knee. However, no such
correlation was observed between longitudinal change in
JSW and change in volume of the femoral and tibial
cartilage plates. This could not be explained by differences
in pain between subjects. Although there was a trend
towards loss of cartilage predicting joint replacement, no
such relationship was observed with radiological change.
This further highlights the limitation of using conventional
standing AP radiographs of osteoarthritic knees. However,
given that we only used well-positioned radiographs8 and
were able to detect a similar magnitude of change in JSW
as previously described in other studies using the semi-
ﬂexed approach24, it may be that our ﬁndings further
highlight the limitations of using radiographs per se to
indirectly measure change in a 3D structure such as joint
cartilage. Further work using semi-ﬂexed radiographs will
be needed to determine whether this is the case.
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